Noncovalent weak interactions [hydrophobic interaction and hydrogen (H)-bond] play crucial roles in controlling the functions of biomolecules, and thus have been used to design artificial metalloproteins/metalloenzymes during the past few decades. In this review, we focus on the recent progresses in protein design by tuning the noncovalent interactions, including hydrophobic and H-bonding interactions. The topics include redesign and reuse of the heme pocket and other protein scaffolds, design of the heme protein interface, and de novo design of metalloproteins. The informations not only give insights into the metalloenzyme reaction mechanisms but also provide new reactions for future applications.
Introduction
Noncovalent weak interactions, hydrophobic interaction and hydrogen (H)-bonds, are widely used in nature to fine-tune the atom potions at the active site and the orientations of complexes; these interactions control the functions of biomolecules. In the bioinorganic field, many basic studies have been performed to elucidate the properties of weak interactions related to metals. Prof. Helmut Sigel and co-workers have pioneered in the studies of the stability, structure, and reactivity of simple and mixed-ligand metal ion complexes of nucleotides, nucleotide analogues, amino acids, peptides, and other bio-ligands, which elucidated the importance of noncovalent interactions in metal ion complexes [1] [2] [3] . Metal ion-assisted noncovalent interactions are also recognized in large biomolecules, such as metalloproteins [4, 5] . Owing to the progress in protein research, design of artificial proteins has gained interest for potential uses in the medical and environmental fields. To design artificial proteins, many approaches have been performed, including biological, chemical, and computational methods [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . There are many key factors that control the substrate specificity and stereochemistry of metalloenzymes. Especially, noncovalent interactions play indispensable roles in the interactions at the active and molecular interaction sites of metalloproteins. Control of the noncovalent interactions at the interfaces of metalloproteins allows us to rearrange the protein complexes, and thus fine-tune the active sites. In this review, we focus on the noncovalent interactions in proteins to design artificial metalloproteins/metalloenzymes.
Hydrophobic interactions

Redesign of the heme pocket
Heme proteins are a major class of metalloproteins in biological systems and perform a large array of functions, including electron transfer, O 2 storage and transfer, biocatalysis, and signaling [20] [21] [22] [23] [24] . The heme group is stabilized in the heme pocket by various interactions, such as covalent attachment, coordination, H-bonding interaction, and hydrophobic interaction. By redesigning the heme pocket through the regulation of these interactions, the function of a heme protein can be transformed to another function, where tremendous progresses have been made during the past few decades [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . In this section, we will focus on the artificial metalloproteins/metalloenzymes constructed by redesigning the hydrophobic interactions in the heme pocket of representative heme proteins, such as cytochrome (Cyt) b 5 , Cyt c, myoglobin (Mb), and Cyt P450 (CYP).
Cyt b 5 is an electron transfer protein with His39 and His63 coordinated to its heme iron [25] , and thus lacks a substrate-binding site (Fig. 1) . As early as in 1987, Sligar and co-workers replaced His39 with Met by site-directed mutagenesis, and found that the H39M Cyt b 5 variant exhibits an increased peroxidase activity and is able to catalyze the H 2 O 2 -dependent oxidative demethylation of N,N-dimethylaniline [26] . They suggested that a substrate-binding site was created for Cyt b 5 , which converted the protein into an artificial heme enzyme. Later on, Rivera and co-workers constructed other axial mutants of Cyt b 5 , such as H39V, H63M, and H63V Cyt b 5 , and found that these mutants perform an efficient oxidation of the heme [27, 28] . Ihara et al. also engineered a double mutant of Cyt b 5 (F35V/H39L) by removing the axial ligand and fine-tuning the hydrophobic interactions in the heme pocket, and the double mutant exhibited an O 2 binding affinity ~ 800 times higher than that of Mb, a native O 2 carrier [29] . On the other hand, Huang and co-workers showed that when the axial His39 of Cyt b 5 was replaced with hydrophilic residues such as Ser or Gln, the redesigned H39S and H39Q Cyt b 5 variants exhibited peroxidase-like oxidation of guaiacol 193 and 113 times higher, respectively, than that of wild-type (WT) Cyt b 5 [30] . Moreover, these variants were found to exhibit a novel hydrolysis activity, catalyzing the hydrolysis of 4-nitrophenyl acetate [31] . These results suggest that a functional diversity can be fulfilled in a single heme protein by redesigning the heme pocket (Fig. 1) .
Cyt c is another electron transfer heme protein with a sixcoordinate heme. His18 and Met80 are coordinated to the heme iron in its native state [32] . The dissociation of Met80 from the heme iron of Cyt c has been shown to fine-tune the active site structure for peroxidase activity, which may be related to the apoptotic reactivity [33, 34] . When Cyt c interacts with cardiolipin, Met80 dissociates from the heme ion, which may open the protein and increase the ligand accessibility to the heme, resulting in increase in the peroxidase activity. The Cyt c dimer (see text below for domain swapping), in which Met80 was dissociated from the heme ion, has been shown to exhibit a higher peroxidase activity compared to the Cyt c monomer [35] . Several groups have also shown that the peroxidase activity of Cyt c increases when the Met80-heme iron bond is disrupted in its Tyr67 variants, in which the interaction between Met80 and Tyr67 is perturbed [36] [37] [38] [39] .
The oxidoreductase activities of native enzymes have been reproduced and regulated in biosynthetic models of protein active sites using weak noncovalent interactions. However, artificial functional metalloenzymes beyond the catalytic repertoire of biology are still limited [40] . Mb has been used as an ideal protein scaffold for heme protein design, owing to its small size (~ 153 amino acids) and the possession of a heme group [41] . By modifying hydrophobic interactions, the heme pocket can be redesigned to selectively bind substrates other than O 2 , which offers an opportunity to create novel artificial heme enzymes with advanced functions. Fasan and co-workers replaced distal His64, which is crucial for O 2 binding, with Val, and Val68 with Ala at the heme pocket. The resulting H64V/V68A Mb variant was found to catalyze the cyclopropanation of arylsubstituted olefins such as styrene with ethyl diazoacetate (EDA) with excellent 1S,2S enantioselectivity (ee > 99.9%), which was much higher than those of Mb single mutants, H64V Mb (~ 10%) and V68A Mb (~ 68%) ( Fig. 2A, B ) [42] . Several residues were selected in the heme pocket such as Leu29, Phe43, and Val68 as targets for directed evolution by site-directed mutagenesis to further develop Mb-based biocatalysts, and a library of H64V Mb-derived variants was generated [43] . They showed that, in addition to H64V/V68A Mb, other variants such as H64V/V68S Mb and H64V/V68C Mb catalyze styrene cyclopropanation with EDA with excellent 1S,2S ee (> 99.9%) (Fig. 2B) . Other Mb variants were also shown to produce the product with good 1R,2R enantioselectivity for the cyclopropanation. For example, the quadruple L29T/F43W/H64V/V68F Mb variant exhibited ~ 95% 1R,2R ee, whereas other triple variants exhibited ~ 92% ee (Fig. 2B) [43] . These results demonstrate that the enantioselectivity can be regulated by refining the hydrophobic interactions within the heme pocket of Mb with no loss in catalytic efficiency. In addition to olefins, H64V Mb-derived variants catalyzed both N-H and S-H insertion reactions. For example, H64V/V68A Mb and L29A/H64V Mb catalyzed the reaction of EDA with [25] ). The heme coordination state and its conversion from an electron transfer protein to an O 2 carrier or an enzyme with a different function, according to the amino acid replacement, are also shown aniline and thiophenol with a turnover number (TON) of 6150 and a total turnover number (TTN) of 2550, respectively (Fig. 2C) [44, 45] . These observations also demonstrate that the heme pocket of Mb can be redesigned to support a diversity of reactions.
The biocatalyst CYPs play key roles in natural product biosynthesis, and possess comparatively large hydrophobic heme pockets to accommodate different substrates for oxidations (Fig. 3A) [22, 47] . By activating O 2 and receiving two electrons from NAD(P)H, CYPs perform a large array of oxygenation reactions such as C-H hydrolation, epoxidation, sulfoxidation, etc. [22] . In addition to these natural reactions, Arnold and co-workers have shown that CYPs may also catalyze non-natural reactions such as carbeneand nitrene-transfer reactions, presumably through a catalytic procedure by formation of intermediates similar to an oxoferryl heme π-cation radical species (Compound I) in the oxygenation reactions of CYPs (Fig. 3B) [21, 40, 48] . These activities were improved by redesigning the hydrophobic heme pocket. The non-natural cyclopropanation activity of a CYP, P450BM3, was increased by more than 60-fold for TON by T268A mutation, with 99:1 trans:cis and 96% ee [21] . By tailoring the active site, the P450BM3-CIS-T438S variant catalyzed the styrene cyclopropanation with 92:8 cis:trans and 97% ee (Fig. 3C , above the line) [21] . In addition to diastereoselectivity and enantioselectivity, the heme pocket of CYPs was designed to control the regioselectivity. The sulfonylazide substrate has two potential sites for C-H amination, and the P450BM3 T268A/F87A variant catalyzed a major insertion at the benzylic (α) position producing five-membered sultam, and a minor insertion at the homo-benzylic (β) position producing six-membered sultam (70:30) (Fig. 3C , below the line) [48] . More impressively, the T438S/I263F P450BM3 variant strongly preferred the insertion at the β position (97:3), albeit with a stronger C-H bond at the β position compared to the α position (> 10 kcal mol −1 ). In addition, these reactions did not require the purification of the variants, and the whole bacterial cells may be directly used for catalyzing the reaction, which makes the artificial enzyme more promising for general applications.
Reuse of the heme pocket
Aside from redesigning the heme pocket by residue replacement, the size and geometry of the native heme pocket may not be suitable for the binding of non-native substrates. P450BM3 has a large heme pocket with a long channel, and (Fig. 4A ) [49] . However, P450BM3 is less active toward non-native substrates with smaller sizes. To overcome this hurdle, Watanabe, Shoji, and co-workers developed a novel approach by an addition of perfluorocarboxylic acids (PFCs) as decoy molecules [50] [51] [52] . When PFCs with an alkyl chain length of 8-14 carbon atoms bind to the channel close to the heme active site, an additional space may be present for binding and oxidation of nonnative substrates such as propane, butane, cyclohexane, and benzene (Fig. 4B) . The PFCs were stabilized by the interactions of their carboxylic groups with Arg47 and Tyr51 [50] . To improve the binding affinity of decoy molecules to P450BM3, a series of N-perfluoroalkyl amino acids with hydrophobic side chains was developed as the 2nd generation of decoy molecules [53] . For example, the binding affinity was enhanced by > 600-fold for N-perfluorononanoyl L-tryptophan (PFC9-L-Trp) (K d = 1.6 μM) compared to that of PFC9 without a tryptophan group (K d = 980 μM), together with an improved activity for propane hydroxylation . The X-ray crystal structure of the P450BM3-PFC9-L-Trp complex further confirmed the rationality of the 2nd generation of decoy molecules [53] . As shown in Fig. 4C , the hydrophobic interactions of the benzyl ring and the long perfluoroalkyl chain, Gln73, and Ala74, contributed to the stabilization of the complex, in addition to the H-bonding interactions of PFC9-L-Trp with Tyr51. Additionally, a DMSO molecule acted as a heme axial ligand, suggesting that small alkanes with similar sizes may access to the active site for oxidation. Recently, amino acid derivatives such as L-Pro-L-Phe were used as decoy molecules by combination of hydrophobic and H-bonding interactions (Fig. 4D) [54] . Decoy molecules have also been designed to control the stereoselectivity of benzylic hydroxylation catalyzed by P450BM3 [55] . These achievements indicate that the heme pocket of a native enzyme may be reused for non-native substrate hydroxylation, which has potential applications for other biotransformations. In addition to using the heme with a modified heme pocket, another powerful approach to design artificial metalloenzymes is to remove the heme group and reconstitute the apo-protein with a synthetic metal complex, as long as the metal complex has a similar size to that of the heme. As developed by Watanabe and co-workers [56] , after removal of the heme from the pocket, apo-Mb was reconstituted with metal-Schiff bases, such as Fe/Mn/Crsalophen/salen complexes, owing to their structural similarities to that of the heme group. For the Mn-salophen complex, Ala71 of Mb was mutated to Gly71 to remove the steric hindrance between the metal complex and the side chain of Ala71 (Fig. 5A ), resulting in a tight binding of the artificial metal complex to the heme pocket with a similar coordination geometry to that of the heme [57] . The hydrophobic interactions between Phe43/Ile99/Leu89 and the benzyl rings of the metal complex also contributed to the stabilization of the Mn-salophen-apo-Mb composite. The Mn-salophen-apo-A71G Mb composite exhibited peroxygenase activity, and the activity was improved by replacing His64 with Asp, where the substrate access to Mn-salophen was increased [57] . For Mn-salen incorporation into apo-H64D/A71G Mb, the enantioselectivity of sulfoxidation was regulated by changing the substituent sizes at the 3 and 3′ positions of the salen ligand, where the specific interaction with Ile107 controlled the location of the salen ligand ( Fig. 5B ) [57] . Additionally, the S-selectivity (32% ee) of sulfoxidation converted to the R-selectivity (13% ee) by replacing the methyl (Me) groups to bulkier n-propyl (n-Pr) groups in the Mn-salen complex [57] . These results indicate that the enantioselective performance of an artificial enzyme may be regulated by tuning the noncovalent weak interactions between the incorporated metal complex and the side chains in the protein pocket.
In addition to metal-Schiff bases, heme mimics such as hemipophycene, porphycene, and corrphycene, have been shown to bind tightly to the heme pocket, resulting in the formation of artificial functional metalloenzymes. Hayashi and co-workers have made significant progress in this field [58] [59] [60] [61] . For example, apo-Mb was reconstituted with a cobalt tetradehydrocorrin, Co II -TDHC, and its X-ray crystal structure was resolved [62] . The Co II -TDHC complex was five-coordinate with proximal His93, and the binding of Co II -TDHC to apo-Mb was stabilized by the proximal His93 coordination together with hydrophobic/H-bonding interactions (Fig. 6A ). Upon reduction with an addition of dithionite, the five-coordinate Co II -TDHC complex was converted to a four-coordinate Co I -TDHC species by cleavage of the Co-His93 bond (Fig. 6B) . Interestingly, the protein matrix of apo-Mb held the four-coordinate Co I -TDHC complex, which may be attributed to the stabilization of hydrophobic and H-bonding interactions, similar to that for the native heme. The Co I -TDHC species has also been shown to react toward methyl iodide, forming a methylated cobalt complex, CH 3 -Co III -TDHC, which underwent an intraprotein transmethylation of distal His64 with a yield of > 90% within 48 h at 25 °C [63] . These results indicate that the hydrophobic heme pocket may be used to modulate the chemical reactions of Co-complexes, elucidating the structure-function relationship of native methionine synthase and other cobalamin-dependent enzymes.
Another approach for designing artificial metalloenzymes is to replace the heme iron with other metal ions, such as Zn II , Co II , and Mn II , which has been performed in vitro [64, 65] and in vivo [66] . Hartwig and co-workers developed a method to replace the heme iron in Mb with other metal ions, including biological noble metals (Co, Cu, Mn, Rh, Ir, Ru, and Ag) (Fig. 7A) [67] . Directed evolution was applied to fine-tune the hydrophobic interactions in the heme pocket and optimize the catalytic activity. Proximal His93 was initially mutated to Gly or Ala to increase the space for accommodating the axial ligand (Me group) of Ir(Me)-porphyrin IX. The distal residues (Phe43, His64, and Val68) and the residues surrounding the heme (His97 and Ile99) were subsequently mutated to increase the substrate binding to the pocket (Fig. 7B) . The obtained Ir(Me)-porphyrin IX Mb variants catalyzed the C-H bond insertion reactions with (−) enantiomer up to Fasan and co-workers have also shown that the substitution of the heme iron with Ir, Rh, or Ru modulates the carbene transfer reactivity and extends the reaction scope of Mb [68] . The method combining heme replacement and direct evolution was extended to CYP119 [69] . Similar to Mb, the heme together with its axial ligand (Cys317) of CYP119 were removed, and directed evolution was applied for the residues close to the active site, such as Leu69, Thr213, and Val254, while retaining the hydrophobicity of the pocket (Fig. 7C) . The variants of CYP119 with Ir(Me)-porphyrin IX catalyzed insertions of carbenes into C-H bonds up to 98% ee (Fig. 7D) , 35,000 TON, and 2550 h −1 turnover frequency. These artificial enzymes were evolved to catalyze the cyclopropanation of various alkenes, including terminal and internal, activated and unactivated, electron-rich and electron-deficient, and conjugated and nonconjugated alkenes [70] .
Use of other protein scaffolds
In addition to the heme protein scaffolds, there are other protein scaffolds with cavities suitable for designing artificial metalloenzymes by incorporation of a metal complex; the scaffolds include the biotin-(stept)avidin system [72] , neocarzinostatin (NCS) [73] , serum albumin [74] , apo-ferritin [75] , the heat shock protein [76] , etc. Three strategies have been developed for incorporation of a metal complex to a protein [77, 78] : (1) Covalent anchoring, whereby the complex is covalently linked to the protein matrix, usually to a Cys residue; (2) dative anchoring, whereby a coordinating amino acid binds and activates the metal complex; (3) supramolecular anchoring, which takes advantage of noncovalent additive interactions between a host protein and its guest or inhibitor. In this review, we highlight representative examples for the design of artificial metalloenzymes with supramolecular anchoring A common example is the use of the biotin-(stept)avidin system. The biotin-streptavidin interaction is highly specific with a very strong affinity (K d ≈ 10 −15 M) [79] . Incorporation of a metal complex, conjugated with biotin, to avidin or streptavidin affords a convenient approach to design artificial metalloenzymes [72] , with diverse functions such as asymmetric hydrogenation [80] , asymmetric C-H bond activation [81] , and imine reduction [82] , etc. Ward, Panke, and co-workers designed an artificial metalloenzyme based on the biotin-streptavidin system for olefin metathesis (Fig. 8A ) [83] . With successful periplasmic expression of streptavidin (named SAV peri ) in E. coli, they used directed evolution to improve the catalytic performance by modification of the secondary coordination sphere. For example, a quintuple (V47A/N49K/T114Q/A119G/K121R) mutant of SAV in complex with biotin-Ru (named biot-Ru-SAV mut ) displayed a cell-specific activity ~ 5-fold higher than that of biot-Ru-SAV peri , which was further confirmed by in vitro studies with biot-Ru-SAV mut , showing a catalytic efficiency 2-fold higher than that of biot-Ru-SAV peri . Recently, an artificial Suzukiase, an artificial enzyme exhibiting the Suzuki-Miyaura cross-coupling reaction with an enantioselectivity up to 90%, was successfully constructed by introducing a biotinylated monophosphine Pd-complex within SAV variants [84] .
Neocarzinostatin (NCS), a member of the enediynechromoprotein family, has a high affinity for testosterone (K d = 13 μM) [85] . Based on this system, a "Trojan horse" strategy was developed to design functionally artificial metalloenzymes. For example, an Fe III -porphyrin-testosterone conjugate associated with a NCS variant, NCS-3.24, exhibited a slight enantioselective sulfoxiation activity of thioanisole with H 2 O 2 (13% [87] . Ricoux, Mahy, and co-workers incorporated a Cu II -1,10-phenanthroline-testosterone conjugate into NCS-3.24 (Fig. 8B) , and the complex was capable of catalyzing the Diels-Alder cyclization between cyclopentadiene and 2-azachalcone (yield > 98%; endo/exo ratio, 84/16) [73] . Molecular docking of Cu II -1,10-phenanthroline-testosterone to NCS-3.24 indicated that the location of the active site was at the edge of the pocket in NCS-3.24.
Serum albumin proteins, such as human serum albumin (HSA) and bovine serum albumin (BSA), tightly bind metal complexes, such as Mn III -corrole [88, 89] and Co II -Schiff base [90] , and thus the composites of serum albumin and the metal complexes have been used to construct metalloenzymes. Ménage and co-workers applied the "Trojan horse" strategy to HSA using ibuprofen as a recognition molecule, since it binds to the IIIA domain (i.e., the drug site 2) of HSA with a high affinity [91] . An Fe II -complex with a N 2 Py 2 ligand was synthesized as a derivative of ibuprofen (Fig. 8C) . By embedding the Fe II -complex into HSA, a high turnover frequency (459 TON min −1 ) for the oxidation of thioanisole to sulfoxide using NaOCl as an oxidant was obtained, albeit with a moderate selectivity (69%) [91] . NiKA, which is a periplasmic nickel-binding protein, is capable of binding the Fe-EDTA complex [92] . Based on this property, Cavazza et al. synthesized an Fe-EDTA-like complex 1 and incorporated it into NiKA [93] . Crystallographic studies revealed that the hybrid of complex 1-NiKA can undergo an intramolecular aromatic dihydroxylation by the activation of O 2 in the presence of a reducing agent, dithiothreitol (DTT), resulting in the formation of a monodentate catecholato complex 2 (Fig. 8D) . In a following study on the interaction of EDTA-like Fe-complexes with NiKA, the Fe-complexes were found to be stabilized in the cavity by π-stacking interactions of the aromatic groups of the Fe-complexes with Trp100, Trp398, Tyr402, and His416, in addition to the H-bonding interactions of the Fe-complexes with Arg97 and Tyr402 [94] . In addition, the aromatic residues, especially Trp100 and Trp398, were involved in the CH-π interactions with the Fe-complexes [94] . These results indicate that NiKA is an appropriate host for binding metal complexes, and the metal complex-NiKA hybrids are suitable for designing functionally artificial monooxygenases.
Matsuo et al. constructed an artificial metalloprotein with a Hoveyda-Grubbs catalyst moiety in α-chymotrypsin utilizing the noncovalent interactions in the enzyme inhibition mechanism with N-tosyl L-phenylalanyl chloromethylketone, where a hydrophobic side chain of the incorporated compound entered the substrate interacting site upon binding to the enzyme [95] . The ring closing metathesis product was obtained for a natural substrate, while it was not obtained for a positively charged substrate, due to significant electronic repulsion between N,N'-diallylammonium hydrochloride (DAA) and the protein surface.
Okuda, Schwaneberg, and co-workers prepared a β-barrel protein hybrid catalyst by covalently anchoring a Grubbs-Hoveyda-type olefin metathesis catalyst at a single accessible Cys amino acid in the barrel interior of a variant of the β-barrel transmembrane protein FhuA [96] . This hybrid catalyzed the ring-opening metathesis polymerization of a 7-oxanorbornene derivative in aqueous solution. Recently, Hayashi and co-workers constructed a π-expanded reaction cavity tethering a polycyclic moiety within the robust β-barrel structure of nitrobindin [97] . By tuning the aromatic interactions, the Diels-Alder reaction between azachalcone, a dienophile for a Diels-Alder reaction, and cyclopentadiene proceeded within the reaction cavity of nitrobindin in high yield and high enantio-and regioselectivity in the presence of Cu II ion.
Hydrogen-bonding interactions
Redesign of the heme active site
In the late 90s, Watanabe and co-workers elongated the distance between the heme iron and distal histidine (His64) in Mb to a distance similar to that in Cyt c peroxidase by modifying the residues including His64 at the distal site, which resulted in a conversion of Mb to a peroxygenase [98, 99] . In fact, the F43H/H64L Mb variant oxidized sulfide and styrene more efficiently than horseradish peroxidase (HRP) [99] . Lin, Tan, and co-workers also modified the structure and function of Mb by introducing Glu at position 29 in the distal pocket (L29E) [100] . The heme of L29E Mb was coordinated with an axial water molecule (W1), whereas Glu29 interacted directly with two other distal water molecules (W2 and W3), forming a unique H-bonding network (Fig. 9A) . The pK a value of W1 in L29E Mb was 7.86, which was about one pH unit lower than that of WT Mb (8.81). As a result, L29E Mb exhibited an enhanced hydrolase activity for 4-nitrophenyl acetate compared to that of WT Mb [101] . In addition, L29E Mb cleaved the double-stranded DNA into nicked circular and linear forms via a hydrolytic cleavage mechanism, similar to that of native endonucleases [102] . By introducing an additional His at position 43 in the distal pocket of L29E Mb, L29E/F43H Mb adopted a nonnative bis-His coordination with native ligands, His64 and His93, where the coordination was stabilized by His64-Glu29 and Glu29-water-His43-heme-propionate-6 interactions (Fig. 9B) [100] . Interestingly, the non-native bis-His conformation resembled the heme site in natural bis-Hiscoordinated heme proteins, such as cytoglobin and neuroglobin. These results indicate that the protein functions may be fine-tuned by redesigning the distal H-bonding network and thus regulating the heme coordination structures.
In a related study, Lin, Tan, and co-workers created a channel to the heme pocket of Mb by removing distal His64, a gate for O 2 binding, and introducing a distal histidine at position 43 (F43H/H64A) [103] . A unique water channel was formed between the heme pocket and the solvent by successive H-bonding interactions of water molecules (W1-W7) in F43H/H64A Mb (Fig. 9C) . F43H/H64A Mb exhibited a nitrite reductase activity of ~ 8.2-fold to that of WT Mb, suggesting an essential role of a distal water channel in nitrite reduction. In addition, by introducing an additional histidine at the distal site (L29H), the triple mutant L29H/F43H/H64A Mb exhibited an enhanced peroxidase activity, with ~ 73-fold and ~ 28-fold catalytic efficiencies toward ABTS and guaiacol oxidations, respectively, compared to the corresponding oxidations catalyzed by WT Mb, although the nitrite reductase activity was not improved [104] .
The O 2 -binding hemoglobin dehaloperoxidase (DHP) from the sea worm Amphitrite ornata is a dual-function heme protein that detoxifies trichlorophenol substrates as a peroxidase [105] . Several Mb mutants (G65T, G65I, and F43/H64L) with an elongated distal His-Fe distance showed enhanced dehalogenation abilities [106] . The H93K/T95H Mb double mutant with rotating the position of the proximal His to its position in DHP showed an increased peroxidase activity compared to WT Mb [106] , as well as a higher O 2 affinity [107] . The differences in the O 2 affinities and peroxidase activities in Mb, DHP, and HRP have been shown to correlate to the distal His to heme iron distances, proximal His plane rotations relative to the porphyrin plane, and the absence/presence of the electron push-pull mechanism by H-bonding interactions [107] .
Heme-copper oxidase (HCO) contains a heme/Cu B hetero-dinuclear site and catalyzes the reduction of O 2 to H 2 O [108] . To elucidate the structural features responsible for the oxidase activity, Lu and co-workers designed a biosynthetic model of HCO with Mb (Cu B Mb) by introducing two distal histidine residues (L29H and F43H) together with His64, forming a copper-binding site [109] . Later on, they introduced a Tyr33 residue in the secondary sphere of Cu B Mb to better mimic the heme/Cu B center of HCO, where F33Y Cu B Mb exhibited O 2 reduction to H 2 O with > 500 TON [110] . The X-ray crystal structure of oxy-F33Y Cu B Mb at high resolution (1.27 Å) revealed an extensive H-bonding network involving two water molecules at the heme site (Fig. 9D) [111] . The water molecule W1 formed H-bonds with His43 and Tyr33, whereas W2 formed H-bonds with W1 and H29. In addition, the heme-bound O 2 interacted with W2 and H64 by H-bonding interactions, which resulted in polarization of the O-O bond and thus facile reduction of the O 2 molecule. This unique proton-delivery H-bonding network is absent in oxy-WT Mb, and thus the H-bonding network was interpreted to be important for transformation of Mb into a functional HCO model. These results show that the oxidoreductase activity of Mb may be regulated by redesigning the heme active site using weak H-bonding interactions.
Arnold and co-workers made a breakthrough in construction of an artificial enzyme with a carbon-silicon bond formation activity, which is a function beyond those of natural enzymes [112] . Directed evolution was adopted to CYP mutants [21, 113] , Mb mutants [45] , and Cyt c from different species [112] , and Cyt c from Rhodothermus marinus (Rma Cyt c) was found to catalyze the reaction between phenyl dimethylsilane and ethyl 2-diazopropanoate ( Fig. 10A) with a high ee value (97%) [112] . Directed evolution for the heme active site was applied to improve TTN. The target residue for the first round was the heme axial ligand, Met100, where the M100D variant showed a 12-fold TTN (550) to that of WT Rma Cyt c. The target residues for the second and third (PDB code 5HAV [111] ). The H-bonding networks at the heme active sites are shown rounds were Val75 and Met103, which were both within 7 Å from the heme. With just three mutations, the V75T/ M100D/M103E Rma Cyt c variant catalyzed the carbonsilicon bond formation in > 99% ee and > 1500 TTN, which was 15-fold of that reported for the best synthetic catalysts so far for the reaction (Fig. 10B) . Hydrophobic residues were introduced to the heme pocket by the directed evolution for CYPs and Mb [21, 45, 113] , whereas the hydrophilic residues Thr75, Asp100, and Glu103 were introduced to Rma Cyt c by directed evolution and facilitated the formation of the intermediate, presumably by H-bonding interactions of these residues with the substrates, where the stereoselectivities of the products were controlled.
Redesign of the heme protein interface
There are many hydrophilic and hydrophobic sites on the protein surfaces. For functionalization of proteins with multi-active sites, modification of the protein interfaces is an effective way to construct protein oligomers. Hoffman and co-workers redesigned the interface of Mb for a faster interprotein electron transfer (ET) between physiological ET partners, Mb and Cyt b 5 [115] . The binding of Mb with Cyt b 5 was strongly enhanced for the D44K/D60K/E85K Mb (Fig. 11A) , and showed rapid intracomplex ET from Zndeuteroporphyrin-substituted Mb to the Fe III heme of Cyt b 5 . This approach has been used by Lu and co-workers to enhance the reactivity of a biosynthetic HCO model, G65Y-Cu B Mb, achieving an O 2 reduction rate (52 s −1 ) similar to that of native Cyt cbb 3 oxidase (50 s −1 ) [116] . In addition, a rapid photoinitiated intracomplex ET has been reported within a "charge-disproportionated" Mb dimer by enhancing the affinity of the proteins [117] . Highly positive or highly negative net surface charges were introduced to Mb through D/E → K or K → E mutations, respectively. A complementary negative K45E/K63E/K95E Mb [Mb(−6)] mutant of the previously used D44K/D60K/E85K Mb [Mb(+6)] mutant was obtained (Fig. 11B) . Formation of the complex for K45E/K63E/K95E Mb and D44K/D60K/E85K Mb was verified by ET photo cycle measurements. Triplet ET quenching measurements indicated that the charge disproportionation increased the binding constant by > 10 5 compared to that between WT Mbs.
Hirota and co-workers utilized 3D domain swapping (herein domain swapping) to construct heme protein oligomers. In 3D domain swapping, a protein molecule exchanges its structural region with the corresponding region of another molecule of the same protein [118] [119] [120] [121] . The overall protein structure (besides the hinge loop) is usually the same between the monomeric protein and its domain-swapped oligomers; the hydrophobic interactions and H-bonds in the monomer are conserved in the domain-swapped dimer and oligomers. In domainswapped dimeric horse Mb, each active site consisted of two different protomers, and new long α-helices were formed by the E and F helices and the EF-loop of the original monomer [122] . Four salt bridges were identified at the interface of the protomers in the domain-swapped Mb dimer. These bridges resulted from electrostatic interactions between positively and negatively charged residues, holding the monomeric Mb protomers together (Fig. 12A,  a) . To construct a Mb dimer with two different heme active sites, two Mb surface mutants were constructed by modifying the charges of the residues at the salt bridge of the domain-swapped dimer; two positively charged residues were replaced with two negatively charged residues in a mutant, whereas two negatively charged residues were replaced with two positively charged residues in the other mutant. Additionally, the heme site of one of the two Mb mutants was modified, where it formed a stable heterodimer with the other unmodified mutant by interacting between each other specifically at the protomer interfaces (Fig. 12A, b) [123] . The result was formation of a heterodimer with two different active sites (Fig. 12B) . The two sites in the new domain-swapped dimer exhibited different reactivities upon exposure to a mild reducing agent, ascorbic acid [123] .
Horse Cyt c has been shown to domain swap its C-terminal helical region [124] . On the other hand, Pseudomonas aeruginosa (PA) Cyt c 551 [125] and Hydrogenobacter thermophilus (HT) Cyt c 552 [126] (Fig. 12C) [127] . The two chimeric proteins formed a domain-swapped dimer with two His/Met coordinate hemes. The heme coordination structure of one of the two chimeric proteins was mutated to form a His/ H 2 O coordinate heme, and eventually a domain-swapped heterodimer with His/Met and His/H 2 O coordinate hemes was obtained (Fig. 12D) . The Fe-O 2 stretching band was observed at 580 cm −1 (554 cm −1 for its 18 O 2 adduct) in the resonance Raman spectrum of the reduced/oxygenated heterodimer, which confirmed the binding of an oxygen molecule to its His/H 2 O site. These results on the Mb heterodimer and c-type Cyt heterodimer show that domain swapping with modification of weak interactions at the protein interface is useful in designing multi-heme proteins.
A four-helix bundle protein Cyt cb 562 , which heme is attached to the protein moiety by two Cys residues insertion, formed a domain-swapped dimer (Fig. 12E) [128] . The two helices in the N-terminal region of one protomer interacted with the other two helices in the C-terminal region of the other protomer in dimeric Cyt cb 562 . In addition, three domain-swapped Cyt cb 562 dimers formed a unique nanocage with a Zn-SO 4 cluster inside the cavity in the crystal (Fig. 12E) . The Zn-SO 4 cluster consisted of fifteen Zn II and seven SO 4 2− ions. The cage structure was stabilized by coordination of the amino acid side chains of the dimers to the Zn II ions and connection of two four-helix bundle units through a conformation-adjustable hinge loop.
Protein oligomer formation may be controlled by utilizing domain swapping for a dimer-monomer transition protein. Allochromatium vinosum (AV) Cyt c′ is a homodimeric protein in its native form, in which its protomer exhibits a four-helix bundle structure containing a covalently bound five-coordinate heme as a gas binding site [129] . AV Cyt c′ exhibits a unique reversible dimer-monomer transition according to the absence and presence of CO. The sixth coordination site of AV Cyt c′ is occupied with the side chain of Tyr16, which has been suggested to be a trigger for the dimer-to-monomer transition upon CO binding [130] . AV Cyt c′ also formed a domain-swapped dimer, and the dimer was utilized to form a tetramer, comprising one domain-swapped dimer subunit and two monomer subunits (Fig. 13A) [131] . For the solution with mainly domainswapped dimers of AV Cyt c′, oligomers were formed in the absence of CO, whereas the oligomers dissociated to domain-swapped dimers in the presence of CO (Fig. 13B) .
De novo design of metalloproteins
De novo protein design is alternative to using native protein scaffolds for artificial protein design. The most exploited de novo protein scaffolds are coiled coils and helical bundles, as usually formed by hydrophobic interactions between amphiphilic helices [13, [132] [133] [134] . These scaffolds are convenient for metalloenzyme design, since the metal binding site can be precisely designed based on a repeated structure. In addition to the hydrophobic and coordination interactions, H-bonding interactions have been used to regulate the binding and thereby properties of metal ions. A typical example is a three-helix bundle forming a copper-binding site with three histidine ligands, as designed by Pecoraro and coworkers [135] . Three-helix bundle proteins (TRI-H, Ac-G WKALEEK LKALEEK LKALEEK HKALEEK G-NH 2 ) with copper-binding sites mimicked the active site of native copper nitrite reductase (NIR), which catalyzes the reduction of nitrite to nitric oxide (Fig. 14A) . The reduction potential and NIR activity of the three-helix bundle artificial enzymes were improved by modifying the charged residues in the secondary sphere of the copper center and thus the H-bonding interactions. For example, by introducing two Glu residues at positions 22-at which Glu22 forms a H-bond with the His ligand-and 24, the negatively charged (−12) enzyme possessed a higher redox potential (120 mV) and exhibited a 4-fold NIR activity compared to those of the enzyme with Lys residues at these two positions [136] .
In addition to the artificial NIR, Pecoraro and co-workers created an artificial metallohydrolase, which contained two different metal ions-Zn II and Hg II ions for catalytic activity and structural stability, respectively [137] . The metallohydrolase catalyzed the hydrolysis of p-nitrophenyl acetate (pNPA), with an efficiency only ~ 100-fold less than that of human carbonic anhydrase II (CAII) and at least 550-fold better than comparable synthetic complexes, as well as the CO 2 hydration observed with an efficiency within ∼ 500-fold of CAII. They also created a metalloenzyme α 3 DH 3 , comprising α 3 D-a de novo singlestranded antiparallel three-helix bundle protein designed by DeGrado and co-workers [138] -and a three histidine site, which binds Zn II with high affinity using His 3 O coordination [139] . The Zn II -bound α 3 DH 3 also catalyzed the hydration of CO 2 better than any small molecule model of carbonic anhydrase, and was 1400-fold slower than CAII. Korendovych, Degrado, and co-workers showed that small seven-residue amyloid-forming peptides may form efficient catalysts of ester hydrolysis, where the IHIHIQI peptide exhibited catalytic efficiency of k cat /K m = 360 M −1 s −1 for pNPA hydrolysis, indicating that amyloid fibrils assembled by H-binding interactions and metal coordination may catalyze chemical reactions [140] .
Baker and co-workers extended the de novo enzyme design methodology to exploit the reactivity of metal ions in existing enzyme active sites, and used this strategy to design an organophosphate hydrolase starting from a functionally diverse set of mononuclear Zn-containing metalloenzyme scaffolds [141] . A native adenosine deaminase with a catalytic efficiency of k cat /K m < 10 after directed evolution. Not only a mononuclear site but also a dinuclear site can be designed with a de novo protein scaffold, such as a fourhelix bundle unit. H-bonding interactions have been used to fine-tune the structure and function of the de novo dinuclear site. The most popular example is the "Due Ferri" (DF) family proteins, which are four-helix bundle di-iron carboxylate proteins developed by DeGrado and co-workers [142] [143] [144] [145] . DF proteins mimicked native O 2 -activating di-iron enzymes, such as methane monooxygenase. To regulate the originally designed DF protein that catalyzes O 2 -dependent two-electron oxidation of hydroquinones (DFsc), the enzyme was reprogrammed to selectively catalyze the N-hydroxylation of arylamines [144] . For this purpose, the substrate access cavity was remodeled by four residue substitutions of Ala to Gly, and a critical third His ligand was introduced to the metal-binding cavity by I100H mutation. In addition, the second-and third-shell modifications, i.e., L81H and I37N mutations, were performed to stabilize the di-iron dinuclear site by a H-bonding network (Fig. 14B) [144] . The reprogrammed enzyme, named 3His-G4DFsc, exhibited at least a 10 6 -fold increase in the relative reaction rate between the arylamine N-hydroxylation and hydroquinone oxidation, which highlights the potential use of H-bonding interactions for fine-tuning the catalytic functions of de novo metalloproteins.
Despite the progress in de novo design of helical bundle structures using hydrophobic interactions, it remains as a challenge to design polar interactions in de novo protein scaffolds to have all buried H-bond donors and accepters form pairs within each other, as in the DNA double helix [15] . With the help of computational design, Barker and coworkers made a breakthrough in de novo design of protein homo-oligomers with extensive H-bonding networks [146] . A three left-handed trimer was constructed with two concentric rings of helices (Fig. 14C) , in which 12 Asn residues were completely buried and a H-bonding network formed between the helices including Ser residues (Fig. 14D) . These interactions confer considerable stability for the trimer, which was stable up to 95 °C and in the presence of ~ 4.5 M guanidinium chloride.
Conclusions
The use and modification of hydrophobic and H-bonding interactions to construct metalloenzymes have been summarized. Traditionally, modification of the metalloproteins were performed by fine-tuning the interaction of the metal and its surrounding amino acids at the metal active sites. Protein scaffolds and de novo design are also useful methods to design artificial metalloproteins/metalloenzymes. Progress in these methods have allowed to construct new enzymes with functions beyond those of natural enzymes, including C-Si bond formation. These studies not only give insights into the metalloenzyme reaction mechanisms but also provide new reactions for future applications. Recently, the attempts to fine-tune the protein-protein interaction by modifying the protein interfaces have been increasing. We hope construction of new functional metalloenzymes with catalytic metal-binding sites is achieved by designing accurate atomic-level hydrophobic interactions and H-bonding networks with the use of the recent obtained knowledges.
